INTRODUCTION
Serum is the liquid portion of blood routinely used as a clinical specimen. Serum consists of low-molecular-weight compounds 1 3 , macromolecules and their degradation products 4, 5 , inorganic ions 6, 7 , and water. Hydrogen nuclei in serum play important roles through intra-and intermolecular interactions with other nuclei. Most of the hydrogen atoms in serum are associated with water molecules or proteins. Water molecules form hydrogen bonds with nitrogen and hydrogen atoms in macromolecules and low-molecular-weight compounds, stabilizing their molecular conformations 8 11 . Hydrogen bonding also takes place in the interactions between solutes. Thus, serum has its own dynamic features and assumes a supramolecular structure due to the activity of hydrogen nuclei. Nuclear magnetic resonance NMR is a phenomenon that occurs when the nuclei of certain atoms located in a static magnetic field are exposed to a second, oscillating magnetic field 12, 13 . Free induction decays FIDs are impulse responses that result from a radio-frequency pulse applied at the resonance frequency during NMR measurements. For proton i.e., 1 H NMR, the FID contains information concerning the dynamic characteristics of hydrogen atoms in the sample. An FID represents a composite signal that is the summation of resonant responses generated by individual hydrogen nuclei. In structural engineering, vibration analysis is frequently used to extract information regarding the dynamic features of an object 14, 15 . Free vibration is the natural response of a structure to a particular impulse, whereas resonant vibration is mainly associated with the inertial and elastic properties of the materials within a structure. Modal analysis is now widely used to identify the modes of the vibrations of structures 16 . As the freely decaying impulse responses observed in vibration analysis can be converted into electrical signals, the modes of the structure can be identified based on both the damping and frequency characteristics of the signals. When composite materials are examined, the signals often include many different frequency components at the same time or many different time components at the same frequency 17, 18 . Time-frequency analysis is an effective way to detect these complexities presented in a vibration signal, and the short-time Fourier transform STFT is a basic method used in time-frequency analyses 19 22 .
Serum is a complex and inhomogeneous fluid that contains an enormous number of hydrogen atoms of differing mobility. Thus, FIDs obtained from serum are complex in nature in terms of both the damping and frequency characteristics. We therefore hypothesized that the STFT of FIDs could enable the sensitive detection of changes and differences in serum properties. Here, we report that the STFT of FIDs is effective for the modal analysis of complex and inhomogeneous fluids such as serum.
EXPERIMENTAL

Collection of serum samples
Serum samples were collected at the P-One Clinic, Keikokai Medical Corporation, Tokyo, Japan. A total of 128 healthy male Japanese volunteers were enrolled in the study, 53 of whom were between 20 and 40 years old, with the remaining 75 volunteers between 65 and 79 years old. None of the volunteers had a history of systemic disease or abnormal laboratory values in the renal and hepatic function tests. Venous blood samples were collected in vacuum tubes, left at room temperature for 30 min, and centrifuged at 1,000-2,000 g for 10 min at 4 in a refrigerated centrifuge. Separated serum was stored at 80 until further use.
The study protocol was approved by the Institutional Review Board of the P-One Clinic and the ethics committee of the Kyoto University Graduate School and Faculty of Medicine #E-1592 . The study was conducted in accordance with the ethical principles of the Declaration of Helsinki. Written informed consent was obtained from all subjects.
Acquisition of FIDs from the serum samples
Each serum sample 100 μL was mixed with 500 μL of deuterium oxide 2 
Calculation of instantaneous amplitudes for a timedomain analysis
Instantaneous amplitudes were calculated to analyze the temporal changes in the instantaneous energies of the FIDs. The instantaneous amplitude was defined as the square root of the sum of the squares of the real portion i.e., a 2 and imaginary portion i.e., b 2 23 . Temporal changes in the instantaneous amplitude data for each FID were expressed as a 1 8,192 single row. After combining the total rows into a separate 128 8,192 matrix, the resulting dataset was used to perform a multivariate data analysis.
FFT for frequency-domain analysis
A FFT was performed to convert the time-domain representation of the FIDs into a frequency-domain representation 23 . In the case of discrete data, a discrete Fourier transform was used to map the discrete time sequences into discrete frequency representations. The following equation was used to calculate the value of the discrete Fourier transform using the FFT algorithm 24 :
where S represents the value of the discrete Fourier transform, N represents the number of data points 8,192 , and n and k represent indices with values ranging from 0 to N -1. In this study, the frequency resolution was 0.681 Hz 5,580 Hz/8,192 data points . No pre-processing of s, such as combining window functions, was performed before the FFT. The energy for each frequency of the FID signal was then calculated by dividing the product of S k and its complex conjugate by N 2 24 . The discrete power spectrum was then produced. The power spectrum data were expressed as a 1 8,192 single row. After combining the total rows into a separate 128 8,192 matrix, the resulting dataset was used to perform a multivariate data analysis.
STFT for time-frequency analysis
An STFT was used for the time-frequency analysis to simultaneously describe the energy density of the FID signals with respect to time and frequency 23 . For cases in which both time and frequency data were represented by discrete values, the following equation was used to compute the discrete STFT at time m and frequency f 25, 26 :
where h is the window function, L is the window length, dM is the step size required to move the sliding window, m is the index spanning the range 0 to M 1, M 1 is the round-down operation after dividing the number of data points by dM, F is the FFT block size of the STFT, and f is the index spanning 0 to F 1. The parameters used in this study are as follows: h hanning, L 128, dM 32, F 512, and M 257. A spectrogram was generated as a visual representation of the time-frequency analysis. The data for the STFTbased spectrogram, P SP m, f , were calculated using the equation below 26 .
Each spectrogram datum in the two-dimensional matrix was read from left to right and row by row, and populated in a single row. In this study, each spectrogram datum was reshaped from a 257 512 two-dimensional matrix into a 1 131,584 single row. After combining the total rows into a separate 128 131,584 matrix, the resulting dataset was used to perform the multivariate data analysis.
Multivariate data analysis
All data calculated using the three methods described above were imported into Unscrambler X software version 10.4; Camo Software AS, Oslo, Norway for a partial least squares discriminant analysis PLS-DA . All data were transformed using standard normal variates to remove scatter effects, by centering and scaling each individual variable. The Wide Kernel PLS algorithm was used for the factor calculation 27 29 . Important variables were detected for the separation of sample groups according to the loading weights. Cross-validation was used to statistically evaluate and compare learning algorithms by randomly dividing the data into a software-specified optimal number of segments. To estimate the goodness of fit for future predictions using a defined number of factors, R 2 and Q 2 were calculated for the explained-variance plots for calibration and validation data sets, respectively.
Experiment using albumin solution
An additional experiment using albumin solution was performed. The purpose of this experiment was to clarify that STFT was effective especially when the samples were complex and inhomogeneous fluids, by comparing the results from two different kinds of samples, i.e., serum and albumin solution. Albumin from human serum No. 013-10501, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan was dissolved into distilled water No. 046-16971, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan and a stock solution was adjusted to a concentration of 22.0 w/ w of albumin. Next, the following two groups of albumin samples were prepared by diluting the stock solution with distilled water. The dilution rates in the high concentration group n 5 were 1, 1.25, 1.67, 2.5, and 5, and those in the low concentration group n 5 were 10, 12.5, 16.7, 25, and 50. The FIDs were then obtained from the albumin samples, the instantaneous amplitudes were calculated, the FFT and STFT were conducted, and the PLS-DA performed.
RESULTS
FIDs were acquired from the serum of 128 healthy male volunteers. Representative examples of the line plots of the real portion of the FID are shown in Fig. 1 .
The FIDs in Figs. 1A and 1B were obtained from the serum of two volunteers aged 26 and 70 -years, respectively. The initial strong signals decayed rapidly, whereas the remaining signals decayed over a longer period of time.
The temporal change in the instantaneous amplitude calculated from the same FID shown in Fig. 1A is depicted in Fig. 2A .
A characteristic feature of the FIDs obtained from human serum is that the initial damping rate is quite high. The power spectrum computed from the same FID as shown in Fig. 1A is demonstrated in Fig. 2B .
The spectrum is a graph showing the energy content of a signal expressed as a function of frequency. Because serum is a complex and inhomogeneous biological fluid, sharp peaks and broad-band signals originating from different molecules mix and overlap.
The STFT-based spectrogram computed from the same FID, as shown in Fig. 1 , is depicted in Fig. 3 .
The spectrogram is a graph of the energy content of the signal expressed as a function of frequency and time. The spectrogram shown in Fig. 3 displays time and frequency on the horizontal and vertical axes, respectively; different colors are used to indicate the amplitude of the signal at any given time and frequency, with red and black indicating the highest and lowest energies, respectively. Each row corresponds to the instantaneous power spectrum at a given time. Strong signals were initially present across the frequency axis, but many of them rapidly disappeared. An examination of the remaining signals indicated that those in the broad bands decayed quickly, whereas the others continued for a longer time. A spectrogram such as that presented here enables visualization of the time-frequency feature of FIDs.
A plot of the PLS-DA scores obtained using the instantaneous amplitude data is shown in Fig. 4A , in which each dot represents an individual serum sample.
The results of the calibration versus cross-validation analysis were as follows: R A plot of the PLS-DA scores obtained using the instantaneous amplitude data is shown in Fig. 5A , in which each dot represents an individual sample of albumin solution.
The results of the calibration versus cross-validation analysis were: R Fig. 5C . Good classifications and clear separations were observed in the plots of the PLS-DA scores created from the three methods.
DISCUSSION
Serum is a highly-concentrated, complex, and inhomoge- neous fluid that contains hundreds of different proteins that interact with various other molecules and ions 30, 31 .
Albumin is the most abundant protein, constituting about 50 of human serum protein. Albumin is an important carrier of fatty acids, divalent cations, hormones, and bilirubin and plays a role in the maintenance of homeostasis 32, 33 .
Lipoproteins interact with cholesterol and triglycerides, and alpha-1-acid glycoproteins interact with basic and neu- trally charged lipophilic compounds 34 . These interactions are reversible and vary with the amounts of individual proteins and corresponding substances. Serum components constantly undergo small conformational changes as a result of interactions between the various molecules 35, 36 .
Hydrogen nuclei exist under a diverse array of conditions that are closely related to the supramolecular structure and physical serum properties. NMR is a powerful, non-invasive analytical tool used in a wide range of applications, including solid-state physics and all branches of chemistry, biology, medical research, and medical diagnosis 37 39 . Proton NMR encompasses a family of diverse methods and can be divided into two broad categories: time-and frequency-domain analyses. Time-domain NMR analyses are used in physics to measure spin relaxation time, which can be used to confirm molecular mobility of not only individual components, but also of an entire system with respect to the proton relaxation time of protons 40 42 . For example, in the medical sciences, differences of the proton relaxation time between normal and abnormal tissues can be used in cancer diagnoses 43, 44 .
Knowledge gained from studies in these areas provided the basis for the development of magnetic resonance imaging, a technique that is now widely used in medicine 45 47 . In addition, recent advances in low-field NMR relaxometry have been translated into blood-based diagnostic tests 48, 49 .
Frequency-domain NMR analyses are widely utilized in chemistry and biology in the form of NMR spectroscopy. The information that can be derived from a spectrum e.g., chemical shift, J coupling, and nuclear Overhauser effect data is highly useful in identifying chemical structures of molecules 39 . In applications of NMR spectroscopy in medicine, signals originating from specific protons can be selectively used as a means of identifying and quantifying lowmolecular-weight substances, such as metabolites 50, 51 . The profiling of metabolites in serum is now commonly performed in the development of new diagnostic tools for diseases 52 54 .
In this study, time-and frequency-domain analyses, and STFT were applied to FIDs following the practice used in vibration analysis. We found a report in the literature indicating that the chemical shift dynamics of NMR data can be utilized to determine the intramolecular structure of a specific enzyme and transcription factor 55 . However, STFT
has never been applied to FIDs for evaluating the physicochemical characteristics of a complex and inhomogeneous biological fluid, such as serum. First, temporal changes in the instantaneous amplitudes of FIDs were examined. The initial strong signals of an FID decayed immediately, and the remaining signals decayed over a longer period of time. The initial signals that rapidly disappeared originated from protons with low mobility, whereas the longer-lasting signals were produced by highmobility protons. Low-mobility protons are generally associated with the main chains of macromolecules, whereas high-mobility protons are associated with free low-molecular-weight compounds and macromolecule side chains 50, 51 .
A time-domain analysis does not proactively utilize frequency data, and the chemical information of the molecules is not acquired. The FFT for frequency-domain analysis was then applied to FIDs. In a power spectrum, broad-band signals are derived from low-mobility protons, and peaks are derived from high-mobility protons. The overlapping of signals is caused both by the presence of a variety of molecules and the influence of a complex physicochemical environment 51 .
In the frequency-domain analysis, most of the information was lost with respect to the dynamics of molecules. Finally, the signal intensity of each frequency component at each time was calculated using STFT. The spectrogram showed that the initial strong signals were spread across the frequency axis. Most of the signals that decayed rapidly originated from low-mobility protons in macromolecules, whereas the signals that decayed over a longer period originated from high-mobility protons. Signals with time-varying frequency content are best represented by a time-frequency distribution. STFT allows the exploitation of features produced by the signal energy concentration in two dimensions time and frequency , instead of only one time or frequency . The resulting spectrogram enabled visualization of the FID features using the three dimensions of frequency, time, and signal intensity. Signals originating from individual protons have distinctive damping characteristics associated with their own mobility; thus, the spectrogram represented the complex frequency components that changed dynamically with time.
In proton NMR, the total energy that is released from individual hydrogen nuclei is observed as an FID. Although serum samples are exposed to a static magnetic field during proton NMR measurements, the local magnetic environment around each hydrogen nucleus is heterogeneous due to the presence of other molecules and ions. Consequently, the resonance frequency of each proton signal varies. The mobility of each hydrogen nucleus is affected by a variety of interactions between nuclei, both within the molecules and in neighboring molecules 56 . The spectrogram reflects the characteristics of protons in serum and provides an overview of the information contained in the FID. By extracting features from the numerical data generated by each method, we could objectively evaluate similarities and dissimilarities in the FIDs obtained from two groups of serum samples. The PLS-DA score plots indicated that the time-and frequency-domain analyses enabled an effective classification of the groups to a certain extent. However, these two groups were distinctly separated without overlap in the score plot created using the STFT data. In other words, the supramolecular dynamics features of the serum samples were precisely converted to time-frequency characteristics of FIDs. On the other hand, the time-domain analysis, FFT, and STFT were all effective in the case of analyzing a relatively simple and homogeneous mixture, such as the albumin solution. These data indicate that STFT is especially useful when analyzing complex and inhomogeneous fluids.
CONCLUSION
We demonstrated that STFT is useful for evaluating similarities and dissimilarities in the FIDs obtained from serum samples. The STFT of FIDs could be used to estimate the mode of proton NMR in the analysis of complex and inhomogeneous fluids. This innovative modal analysis method could become a valuable tool for diagnosing a variety of diseases, and assist in identifying applications in other fields of science.
